Keywords: myopia incident myopia myopia progression prevention outdoors light dopamine spiperone clinical trial a b s t r a c t Recent epidemiological evidence suggests that children who spend more time outdoors are less likely to be, or to become myopic, irrespective of how much near work they do, or whether their parents are myopic. It is currently uncertain if time outdoors also blocks progression of myopia. It has been suggested that the mechanism of the protective effect of time outdoors involves light-stimulated release of dopamine from the retina, since increased dopamine release appears to inhibit increased axial elongation, which is the structural basis of myopia. This hypothesis has been supported by animal experiments which have replicated the protective effects of bright light against the development of myopia under laboratory conditions, and have shown that the effect is, at least in part, mediated by dopamine, since the D2-dopamine antagonist spiperone reduces the protective effect. There are some inconsistencies in the evidence, most notably the limited inhibition by bright light under laboratory conditions of lens-induced myopia in monkeys, but other proposed mechanisms possibly associated with time outdoors such as relaxed accommodation, more uniform dioptric space, increased pupil constriction, exposure to UV light, changes in the spectral composition of visible light, or increased physical activity have little epidemiological or experimental support. Irrespective of the mechanisms involved, clinical trials are now underway to reduce the development of myopia in children by increasing the amount of time they spend outdoors. These trials would benefit from more precise definition of thresholds for protection in terms of intensity and duration of light exposures. These can be investigated in animal experiments in appropriate models, and can also be determined in epidemiological studies, although more precise measurement of exposures than those currently provided by questionnaires is desirable.
Introduction

Q1
An epidemic of myopia has emerged in children and young adults in some of the countries of East and Southeast Asia (Morgan et al., 2012) , in particular in Singapore (Wu et al., 2001) , China (He et al., 2004; Qian et al., 2009) , including Hong Kong (Goh and Lam, 1994) and Taiwan (Lin et al., 2004; Shih et al., 2009) , Japan (Matsumura and Hirai, 1999) and Korea (Jung et al., 2012) . In these locations, around 80% or more of children completing school are now short-sighted, and the prevalence of sight-threatening high myopia in these children is now approaching 20% or more (Lin et al., 2004; Jung et al., 2012) . In other parts of the world, the prevalence of myopia also seems to be increasing. The rate of increase is somewhat less than in some parts East and Southeast Asia, but nevertheless, in the United States (Kempen et al., 2004; Vitale et al., 2008 Vitale et al., , 2009 , and perhaps in Europe (Logan et al., 2005; Jobke et al., 2008) , the prevalence of myopia in younger adults is now in the range of 30e50%.
These high prevalences of myopia pose a major public health challenge. The high prevalence of ordinary myopia, which can be largely corrected with glasses, contact lenses or refractive surgery, poses the challenge of providing appropriate correction to the large number of people who now require it, because World Health Organisation (WHO) analyses show that uncorrected refractive error is the major cause of visual impairment in the world (Resnikoff et al., 2008) . In addition, a meta-analysis of 11 crosssectional studies has shown an increased risk of open angle glaucoma with both low and high myopia, with odds ratios of 1.77 and 1.88 respectively (Marcus et al., 2011) . Myopia also poses an increased risk of retinal detachment which increases with the severity of myopia (Chou et al., 2007) , and there are associations between myopia and cataract (Leske et al., 1991) , although the causal relationship is not clear. Serious complications due to retinal and choroidal pathologies associated with myopia also increase with myopia severity (Vongphanit et al., 2002) , and pose a major challenge, because prevention of the associated uncorrectable vision loss requires costly ophthalmic treatment (Morgan et al., 2012) .
These challenges have focussed attention on the importance of prevention of myopia. Fortunately, recent reviews, from both environmental (Morgan and Rose, 2005) and genetic (Wojciechowski, 2011) perspectives, have concluded that this epidemic is largely due to exposure to environmental risk factors, which may be modifiable, with little evidence of increased susceptibility to the development of myopia based on genetic differences in those ethnic groups which often show higher prevalences of myopia. This conclusion is based on the evidence that within one ethnic group, there are marked differences in the prevalence of myopia in different environments, implicating environmental factors (see for example Rose et al., 2008b) . In addition, within one location, specifically Singapore, the prevalence of myopia is high in younger adults from all the major ethnic groups e even in the population of South Asian (Indian) origin which is closer in genetic terms to populations of European and Middle Eastern origin. This evidence has been extensively reviewed elsewhere (Morgan and Rose, 2005; Morgan et al., 2012; Wojciechowski, 2011) .
There is, in fact, considerable evidence that myopia is more common in adults who have completed more years of schooling, and who achieved higher qualifications (Au Eong et al., 1993a,b) . In children, there is also an almost universal pattern of increasing myopia prevalence with years of schooling, and increased myopia with children with higher examination results (Saw et al., 2007) and those in academically selective schools or streams (Quek et al., 2004) . Near work has been intensively investigated as a specific risk factor which could explain these associations, but attempts to quantify near work in recent years have not provided strong support for this idea (Mutti et al., 2002; Ip et al., 2008) . Recent work has identified an association at the national level between locations with a high prevalence of myopia and intensive use of extracurricular classes (coaching or cram schools) (Morgan and Rose, 2013) , and there is a similar association at the individual level (Saw et al., 2001a,b) . It also seems likely that heavy homework and home study loads may have a role. However, given that mass intensive education has been a key component of economic development for many countries, it is not clear that educational loads can be markedly reduced, even though there are a few countries, characterised by more limited use of coaching or cram schools and lower homework loads, where educational outcomes are high, but the prevalence of myopia is low (Morgan and Rose, 2013) .
Fortunately, again, recent work has identified an environmental exposure which appears to protect from the development of myopia e children who spend more time outdoors appear to be less likely to be, or become myopic (Mutti et al., 2002; Jones et al., 2007; Rose et al., 2008a,b; Dirani et al., 2009; Jones-Jordan et al., 2011; French et al., 2013a) . The aim of this review is to outline the evidence for a protective role for time spent outdoors, to examine the biological mechanisms which underpin it, and to consider the potential of interventions which increase the amount of time that children spend outdoors for prevention of myopia.
Evidence for a protective effect of time outdoors
Major epidemiological studies
Studies which have addressed the issue of the protection from the development of myopia by time spent outdoors are summarised in Table 1 . A direct link between time spent outdoors and myopia was first established in a longitudinal investigation of the factors associated with rate of myopic progression in a cohort of Finnish school children with established myopia (Parssinen and Lyyra, 1993) . Greater time spent outdoors and in sports activities was associated with a less myopic refraction at follow-up and a marginally slower rate of myopic progression, but the association was only statistically significant for boys.
This finding was followed up in the large population-based Orinda Longitudinal Study of Myopia (OLSM) in the United States (Mutti et al., 2002) , which reported that children with myopia engaged in significantly less sports activities than children who were emmetropic. The authors proposed that children who spend more time in sport performed less near work and thus did not develop myopia. They also suggested two alternative hypotheses; that children with myopia may participate less in sport due to the impact of spectacle wear or due to a more introverted personality, or that increases in blood flow during exercise might influence eye growth. These findings received little clinical attention, until two abstracts presented at the 2006 ARVO meeting (Jones et al. IOVS 2006; 47 : ARVO E-Abstract 5452; Rose et al. IOVS 2006; 47 : ARVO EAbstract 5453) stimulated interest in the application of these findings to the prevention of myopia.
Subsequently, Jones et al. (2007) reported that children who became myopic participated in significantly less time outdoors and in sports activities, compared to children who remained emmetropic. They also showed in predictive models that children who spent less time outdoors and on sport had significantly greater odds of becoming myopic. This trend was observed in children with no myopic parents, and in those with two myopic parents. Less protection was observed in children with only one myopic parent, suggesting that there might be an interaction between parental myopia and time outdoors and on sport, which was also found in regression analysis. Nevertheless, protection by increased time outdoors and sport occurred to some extent, irrespective of the number of myopic parents a child had. A subsequent report showed that children who became myopic spent significantly less time outdoors and in sport than children who remained emmetropic, both before and after the onset of myopia . These results strongly suggested that less time spent outdoors was a potentially causal factor for the development of myopia.
Systematic evidence for an effect of time spent outdoors on prevalent myopia was also published in 2008 from the Sydney Myopia Study (SMS), a population-based study of school-aged children in Sydney, Australia (Rose et al., 2008a,b) . Time spent outdoors was strongly and inversely related to myopia. Children who spent greater amounts of time outdoors had more hyperopic spherical equivalent refractions and a lower prevalence of myopia than children who spent little time outdoors. This paper separately analysed sport performed outdoors as well as outdoor leisure activities including family picnics, playing outdoors and bushwalking, and indoor sport, and showed that the important factor was the total time spent outdoors, while indoor sport was not protective. Greater time spent outdoors was associated with less myopia even in children performing large amounts of near work.
Comparison of the prevalence of myopia in children from the two major ethnic groups in Sydney, those of European and East Asian ancestry, also showed that the lower prevalence of myopia in those of European ancestry was associated with a higher level of time spent outdoors.
To this point, epidemiological studies of time spent outdoors and myopia had been based primarily on samples from populations of largely European origin, with a relatively low prevalence of myopia. However, a similar protective effect of greater time outdoors was reported in a sample of children predominantly of East Asian ancestry in the school-based Singapore Cohort Study of Myopia (SCORM) study (Dirani et al., 2009 ). Greater time spent outdoors was associated with significantly less myopic refractions and shorter axial length. Comparison of the three major ethnic groups in Singapore showed that the rank order of myopia prevalence (Chinese > Indians > Malays) was parallelled by an inverse rank order of time spent outdoors (Malays > Indians > Chinese). The protective effect of time outdoors in a population of East Asian origin has since been replicated in school children in greater Beijing from both urban and rural locations, for both refractive error and for axial length (Guo et al., 2013) .
Longitudinal follow-up of the two age cohorts (6 and 12 years) examined in the SMS also showed that children who became myopic spent significantly less time outdoors at baseline than children who remained non-myopic, and children who were in the highest tertile of time spent outdoors were protected from the development of myopia, irrespective of the amount of near work they performed (French et al., 2013a) . Children in the lower tertiles of time spent outdoors had significantly greater odds of becoming myopic, compared to those in the highest tertile. The protective effect of time spent outdoors was strongest in the younger children (aged 6 at baseline), suggesting that the amount of time children spend outdoors when young is particularly important in terms of refractive development.
Time spent outdoors at the age of 8e9 years was also a significant predictor of whether children subsequently became myopic in the Avon Longitudinal Study of Parents and Children (ALSPAC) (Guggenheim et al., 2012) . This study also confirmed the greater importance of time outdoors compared to sport.
Other supporting studies
A number of smaller studies have also reported a protective effect of greater time spent outdoors on myopia. In school-aged children located in Amman, Jordan, children who were myopic spent significantly less time playing outdoor sport than children who were non-myopic, and children spending greater time participating in sport has significantly lower odds of being myopic (Khader et al., 2006) . A study of medical students in Turkey found an inverse association between time spent outdoors in childhood before age 7 years and myopia (Onal et al., 2007) . A significant inverse effect of time outdoors on the odds of having myopia was also reported in a small rural population in Taiwan (Wu et al., 2010) .
How big are the effects?
A recent meta-analysis pooled the results of 7 cross-sectional studies investigating the association between time spent outdoors and myopia and systematically reviewed the evidence for time outdoors from a further 16 studies that did not meet the inclusion criteria (Sherwin et al., 2012a,b) . From the pooled data, which included a majority of studies of school-aged children and one study of preschool-age children, it reported that for each additional hour of time spent outdoors per day there was a 2% decrease in the odds of myopia. Although these protective effects are small, 2 of the 7 studies included in the meta-analysis found no significant association between myopia and time outdoors. Conversely, the majority of studies that were reviewed, but were 371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435   436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499 In contrast to these modest effects, longitudinal data suggest that the chance of becoming myopic is reduced by around one third if time spent outdoors is increased from 0e5 h per week to 14 or more per week (Jones et al., 2007) . In the cross-sectional data from the Sydney Myopia Study (Fig. 1) , in 12 year-olds, the odds ratio for myopia for the combination of high near work and low time outdoors was 2.6 compared to the reference group combining low near work and high time outdoors (Rose et al., 2008a) . In the subsequent five-year follow-up study (Fig. 1) , the same comparison gave odds ratios for incident myopia for 12 year-olds of 15.9 and 5.1 for 17 year-olds (French et al., 2013a) . These data all suggest a major protective effect (Fig. 2) .
Q2
Three studies have investigated the impact of time outdoors on variation in myopia prevalence in children of the same ethnicity between locations. Rose et al. (Rose et al., 2008a,b) compared a subsample of 6 year old children of Chinese ethnicity from the SMS with children of Chinese ethnicity of the same age living in Singapore. The prevalence of myopia was significantly higher in the children living Singapore (29%) in comparison to the children living in Sydney (3%). Multivariate analysis showed that differences in refraction between Sydney and Singapore were strongly related to time spent outdoors, with Chinese children in Singapore spending an average of only 3 h a week outdoors compared to Chinese children in Sydney with an average of 14 h per week. There were no significant differences in other parameters, including near work and parental myopia.
A comparison of children of Chinese ancestry growing up in Singapore and Xiamen (Zhan et al., 2000; Saw et al., 2001a,b) also found a significant difference in the prevalence of myopia in the two sites (36.7 vs 18.4%), and also reported a significant difference in the amount of time spent outdoors between children in the two sites (8.7 h per week in Xiamen versus 3.3 in Singapore
Q3
). In a study of children from urban and rural areas of Beijing, the prevalence of myopia was significantly higher in children living in the urban areas. The prevalence for Grade 1 students in rural areas was 7.9% for boys and 2.7% for girls, compared to 29.9% and 26.6% respectively in urban areas. The comparable figures for Grade 4 students were rural boys 18.8%, rural girls 15.6%, urban boys 53.2% and urban girls 76.2%. Children living in the urban location spent significantly less time outdoors than those in rural areas; 1.1 h per day vs 2.2 h per day (Guo et al., 2013) . A multivariate model showed significant effects for both time outdoors and location.
While time outdoors may not be the only factor involved in these differences, these studies suggest that a significant proportion of the difference between locations in myopia prevalence can be accounted for by differences in time spent outdoors, particularly since in most studies the effects reported for near work are weak. Comparative studies of this kind, while not common in ophthalmic epidemiology, have considerable power because of the often increased variation both in spherical equivalent refraction and in activity parameters.
Thus, while more work is required on exposures and effect sizes, marked differences in the prevalence of myopia can be observed within locations, and between locations, which can, at least in part, be explained by existing differences in time spent outdoors. The magnitude of the effects suggests that significant reductions in the prevalence of myopia could be produced by increasing the amount of time that children spend outdoors during the day, within current behavioural limits.
Conflicting evidence
While most papers have reported protective effects of time outdoors against the development of myopia, there are a few studies which have reported no effect. No effect was reported in a school-aged sample in China (Lu et al., 2009 ), but the sample in this study was predominantly myopic (>80%), and spent little time outdoors, with a mean of only 6.1 h per week outside. In contrast, in studies where a protective effect of outdoor activity is evident, children who were not myopic spent over 10 h of time outdoors. This may point to a possible threshold amount of time spent outdoors per week required to gain adequate protection from the development of myopia. Thus, it is possible that the negative findings were due to a generally below-threshold amount of time spent outdoors, and also perhaps a lack of variation in time spent outdoors.
Another study reported no association between time spent outdoors and myopia in a preschool-aged sample (Low et al., 2010) . However, the prevalence of myopia was low in this young age group, as was the level of time outdoors which again may not have been above threshold. However, differential exposures at this age, while not leading to myopia, may contribute to the spherical Fig. 2 . Evidence for the light-dopamine mechanism of protection against the development of form-deprivation myopia in chickens. In 500 lux light, considerable myopia develops in chickens wearing diffusers. Increasing the light intensity to 15,000 lux reduces the amount of myopia induced. If the D2-dopamine receptor antagonist is injected, then the protective effect is abolished, whereas a control injection has no effect. 501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565   566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594 equivalent refraction achieved over the preschool and early school years period e which is important because refractive status during childhood is a major predictor of subsequent progress to myopia. Therefore, it would be useful for future longitudinal studies to determine if the amount of time spent outdoors at preschool-age is associated less hyperopic refraction at that age and with development of myopia in later childhood or adolescence. Two early studies from Singapore also reported no association between time outdoors and myopia (Saw et al., 2001a,b; Saw et al., 2006) . However, significant effects were obtained in more recent studies after adoption of the questionnaire used in the Sydney Myopia Study (Dirani et al., 2009) .
In a sample of Danish university students, there was an inverse relationship between physical activity and myopia and change in refraction towards myopia (Jacobsen et al., 2008) . This is not necessarily in conflict, and given the current evidence, the effect could actually be due to increased time outdoors, rather than physical activity.
Does time outdoors control the progression of myopia?
The ability of increased time outdoors to reduce prevalent and incident myopia appears to depend on limiting axial elongation, since axial length is reduced in parallel with effects on myopia, while other biometric parameters are not affected. Myopic progression in established cases of myopia also depends on axial elongation, and hence it seems plausible that myopic progression would also be reduced by time spent outdoors.
However, in conflict with this hypothesis, a recent detailed study (Jones-Jordan et al., 2012) did not detect an effect of near work or time outdoors on the progression of myopia in those with established myopia. Power calculations were performed to establish that the study had the sufficient power to detect significant effects. A similar finding has been reported by Wu et al. (2013) in a pilot study on myopia prevention.
These finding pose a significant challenge to any hypothesis on the mechanism of the protective effect, since, if regulation of axial elongation is involved, the factors involved would be expected to affect both axial elongation leading to the onset of myopia, and axial elongation leading to progression. However, we do not believe that these findings should be considered definitive.
There is considerable evidence for the existence of seasonal variations in myopic progression e largely derived from the control arms of clinical trials of methods for slowing myopic progression (Table 2 ). In addition to the references listed in Table 2 (Goss and Rainey, 1998; Fulk et al., 2002; Donovan et al., 2012; Fujiwara et al., 2012; Cui et al., 2013) , smaller effects on progression were also reported in Singapore (Tan et al., 2000) .
Progression has been consistently shown to be faster in winter and slower in summer, consistent with an effect of increased time outdoors, and since examination periods are generally held before the Northern Hemisphere summer break, also with increased educational load. Thus, if near work and time outdoors do not affect progression, these seasonal effects also need an independent explanation. However, whatever the detailed mechanism, these seasonal studies also help to define the magnitude of effects that might be expected in interventions, and reductions in progression of between 40 and 50% between the seasons have been reported. This suggests that existing levels of variation in activities could be used to halve the rate of progression, which would make an important contribution to limiting the development of high myopia.
It is possible that the inability to demonstrate statistically significant effects of environmental factors on progression relates to a characteristic of the experimental design, in which studies are carried out only on those with existing myopia. The relationship between time outdoors and the prevalence and development of myopia means that participants with myopia tend to spend less time outdoors, and it is possible that the lack of variation makes it difficult to achieve statistically significant effects. Further studies may benefit from combining investigation of seasonal variation with rigorous documentation of time spent outdoors (and near work parameters).
2.2.4. Some frequently asked questions 2.2.4.1. How important are near work and educational load?. In comparison to the clear and consistent effect of time outdoors, effects of near work have been weak and inconsistent, whether near work has been measured as cumulative hours spent on near work activities, or when viewing distance is taken into account, as in the calculation of diopter-hours. The inconsistency and weakness of the near work effects is such that Mutti and Zadnik (2009) have argued that "near work's star has fallen."
However, it should also be noted that methods for estimating near work are highly reliant on recall. Another limitation of estimates of near work is that information has generally been sought on near work activities outside of school, yet it cannot be assumed that the school day is a constant for all children in the same school grade, particularly if factors such as reading distance and reading time without breaks (Ip et al., 2008) are taken into account.
The weakness and inconsistency of the near work effects contrasts markedly with the strong and consistent effects on myopia of years of education, school marks, and educational stream. We have recently argued that more complex measures of educational load, such as amount of homework and home study, and time spent in additional classes out of school may also need to be developed (Morgan and Rose, 2013) .
In the context of prevention, the promotion of time outdoors may be more effective than trying to reduce educational load. Given the commitment to educational success that has been a longstanding part of the Confucian tradition, reducing the emphasis on study in East Asia is likely to be a difficult process, even though some countries, such as Australia, demonstrate that it is possible to have internationally competitive educational outcomes without an epidemic of myopia (Morgan and Rose, 2013) .
2.2.4.2.
Is it sport/physical activity or time outdoors?. Some confusion has been introduced into the area by the early studies which analysed time outdoors and time on sports within one question, and which placed the emphasis on sport rather than time outdoors (Parssinen and Lyyra, 1993; Mutti et al., 2002) . This issue was analysed in detail in the Sydney Myopia Study, using the questionnaire available at http://www.cvr.org.au, in which several questions were asked on time outdoors for leisure, time outdoors for sport and time on indoor sport. There was no association between time on indoor sport and myopia, but clear protective associations for both time outdoors on leisure activities and time on outdoor sport, with a particularly strong association for total time outdoors (Rose et al., 2008a) . Thus, sport per se does not appear to be important, although clearly one way of encouraging children to spend more time outdoors is through increased participation in outdoor sport.
2.2.4.3. Is there a substitution effect?. Most recent studies have shown that near work is at best only a weak risk factor for the development of myopia (Mutti et al., 2002; Saw et al., 2005; Ip et al., 2008; Rose et al., 2008a) . Nevertheless, one possible explanation for the protection afforded by time outdoors is that children who spend a lot of time on study, have less time to spend outdoors, or vice versa. If this was an important part of the explanation, then a significant negative correlation would be expected between hours of near work and hours of time spent outdoors. Four studies (Mutti et al., 2002; Jones et al., 2007; Rose et al., 2008a; Dirani et al., 2009) have considered this issue, and all have found a weak positive correlation between these measures. This suggests that the protection associated with time outdoors is not simply due to a reduction in time spent on near work. However, at strong negative association was reported in the Beijing study (Guo et al., 2013) . The conclusion that substitution is not an essential factor is strengthened by the observation in the Sydney Myopia Study that increased time outdoors seems to prevent myopia, irrespective of the amount of near work performed. This has been seen in both cross-sectional analysis of prevalent myopia and in longitudinal analysis of incident myopia (Rose et al., 2008a; French et al., 2013a) .
2.2.4.4. Are television, computers, mobile phones and hand-held games important?. An obvious feature of modern life is the increased use of computers, mobile phones and hand-held games, and hence whether they are involved in the emergence of the epidemic of myopia is an important question. In the Sydney Myopia Study analysis, there was no association between time watching television and use of computers with myopia (Rose et al., 2008a) . This result was consistent with previous studies on the issue (Mutti et al., 2002; Saw et al., 2006) . Some studies count time watching television and time on computers as near work, but, in general the dioptric load associated with television is low, and the dioptric load associated with computer use is about half that associated with reading. Thus it is questionable whether time watching television and time on computers should be counted as near work.
The Sydney Myopia Study did not look at mobile phone use, either for spoken communication, texting, or as a form of handheld game. However, there was a significant negative correlation between use of computer games and myopia. This could possibly be due to a substitution effect of time on computer games for time outdoors, but further analysis of this area is required.
Historical analysis also suggests that these modern technologies were not important factors in the emergence of an epidemic of myopia. The prevalence of myopia was already noticeably increasing in Singapore (Chew et al., 1988; Tay et al., 1992; Au Eong et al., 1993a,b) , Taiwan (Lin et al., 2004) and Hong Kong (Goh and Lam, 1994) in the 1960s, well before the proliferation of these devices. Even the later emergence of an epidemic of myopia in China is not consistent with a major role for these devices. However, to the extent that these modern technologies encourage children to stay indoors, they may complicate attempts at prevention.
Summary
There is strong evidence from both cross-sectional and longitudinal data that children who spend more time outdoors are less likely to be or become myopic. This finding is supported by evidence from studies in a number of different locations and ethnic groups, including those with high prevalences of myopia. Although a small number of studies failed to find a significant association between time outdoors and myopia, it is likely that the population characteristics affected the ability of these studies to detect significant effects. Overall, it is clear that time spent outdoors is important for normal refractive development in children, and that deficits in time spent outdoors are reflected in higher prevalences of myopia. It is currently unclear if time outdoors also slows progression in existing myopes, but the fact that it prevents incident myopia opens up the possibility of preventing the development of myopia, for all but the very low percentage who affected by myopia of clearly genetic aetiology. The effects of time outdoors are large enough to make investigation of its use in prevention worthwhile.
Mechanisms of protection
A number of potential mechanisms can be suggested for the protective effect of time outdoors. One is simple differences in light intensity. Outdoor environments differ significantly from those indoors in that, at least during the day, the light is brighter e indoor situations are characterised by light intensities in the range of low hundreds up to around one thousand lux, while during the day, outdoors environments are characterised by light intensities of several thousand lux up to 100,000 to 200,000 lux in sunny locations. Outdoor light also includes exposure to UV wave-lengths, and there are other differences in spectral composition of light indoors and outside, as well as diurnal and seasonal changes in spectral composition and intensity.
In addition, viewing distances can be much greater outdoors, and, as argued by Flitcroft (2012) , variations in accommodative requirements outdoors are smaller giving a more uniform dioptric space. It also seemed possible that higher light levels outdoors could lead to pupil constriction, increased depth of focus and less image blur, or that reduced accommodation due to more distance viewing could lead to decreased axial elongation. Finally, since children are likely to be somewhat more active outdoors, it also seemed possible that physical activity might be important.
Of these possibilities, Rose et al. (2008a) suggested that increased light intensity outdoors was the most likely, and that this effect could be mediated by light-stimulated release of the retinal transmitter dopamine (Megaw et al., 1997 (Megaw et al., , 2001 (Megaw et al., , 2006 , which is known to be able to reduce axial elongation (Iuvone et al., 1991; McCarthy et al., 2007) e the structural basis of the development of myopia. We will refer to this hypothesis as the "light-dopamine" hypothesis.
The evidence for links between retinal dopamine and myopia has been extensively reviewed in this special issue (Feldkaemper and Schaeffel, 2013) . The synthesis and release of retinal dopamine is high during the day and low during the night. This rhythm is primarily light-driven (diurnal), although there is also a minor circadian component (Megaw et al., 2006) , at least in the chicken, and the rate of release of dopamine appears to increase in a roughly log-linear fashion with increased light intensity (Morgan and Boelen, 1996; Cohen et al., 2012) . Dopaminergic function is significantly down-regulated during experimentally-induced periods of increased ocular growth rates (Stone et al., 1989) , and more direct indices of dopamine release suggest that dopamine release is reduced within hours of fitting optical devices which result in increased rates of axial elongation (Megaw et al., 2006) . In addition, dopamine agonists slow the development of experimental myopia (Iuvone et al., 1991; McCarthy et al., 2007) . All this evidence suggests that dopamine may play a critical role in the regulation of ocular growth.
The "light-dopamine" hypothesis has been tested in animal studies. In chickens, exposure to high illumination levels (15,000 lux) for a period of 5 h per day, significantly reduced the development of form deprivation myopia (FDM) compared to chicks reared with translucent diffusers under normal laboratory lighting levels (500 lux) (Ashby et al., 2009) . High illumination levels were also found to reduce the rate of compensation for negative lenses and enhance the rate of compensation for positive lenses, although full compensation was still achieved (Ashby and Schaeffel, 2010) . Similar findings have been reported in tree shrews, where the development of FDM and lens-induced myopia (LIM) was significantly retarded (44% and 39% respectively) by daily exposure (7.75 h) to 16,000 lux over a period of 11 days (Siegwart et al., IOVS 2012; 53 : ARVO E-Abstract 3457). In rhesus monkeys, exposure to high illumination levels significantly retarded the development of FDM , but had little effect on the rate or end point of compensation for negative lenses (Smith et al., 2013) . It is important to note that the conditions of light intensity and duration of exposure which inhibit the development of myopia under experimental conditions are well within the ranges encountered in human environments.
In the chick model, the protective effects of light appear to be greater with higher light intensities (Ashby et al., 2009 ). Specifically, the development of FDM was reduced if diffusers were removed for a period of 15 min per day under normal laboratory light levels (Napper et al., 1995 (Napper et al., , 1997 . This protective effect is enhanced by exposure to light during the diffuser-free period, proportional to the light intensity used (500 lux, w48% reduction in FDM; 15,000 lux, w62% reduction in FDM; 30,000 lux, w79% reduction in FDM) (Ashby et al., 2009 ). In fact, normal refractive development in chicks reared under lightedark cycles depends significantly on illumination levels (Cohen et al., 2011) , since chicks reared under low illumination levels (50 lux) during the light phase of their daily light cycle, for a period of 90 days, developed significant amounts of myopia (wÀ2.41D), as compared to those animals reared under medium (500 lux, wþ0.03D) or high light levels (10,000 lux, wþ1.1D). This suggests that prolonged exposure to low light intensities may destabilise growth control mechanisms, but these are not conditions to which children who become myopic would generally be exposed.
The involvement of dopamine has been tested in only one experiment. However, it gave results consistent with the hypothesis, since the D2-dopamine antagonist spiperone blocked the protective effect of light against the development of FDM in chickens (Ashby and Schaeffel, 2010) .
Overall, there is considerable evidence in favour of the "lightdopamine" hypothesis, but the evidence is not entirely consistent, since, while bright light slows the development of FDM in chickens (Ashby et al., 2009) , tree shrews (Moderately elevated fluorescent light levels slow form deprivation and minus lens-induced myopia in tree shrews. Siegwart et al. ARVO E-Abstract # 3457, 2012) and monkeys , and slows the development of LIM in chickens (Ashby et al., 2009 ) and tree shrews (Moderately elevated fluorescent light levels slow form deprivation and minus lensinduced myopia in tree shrews. Siegwart et al. ARVO E-Abstract # 3457, 2012) , it had only limited effects on the development of LIM in monkeys (Smith et al., 2013) , which is generally regarded as a better model of human myopia.
A combination of epidemiological and experimental evidence suggests that the other mechanisms proposed are less plausible. In relation to distance viewing and relaxed accommodation outdoors, this idea does not fit with the evidence from animal studies that accommodation is not a critical factor (McBrien et al., 1993a,b) . Hypotheses linking protection to variations in dioptric (Flitcroft, 2012) space lack direct experimental support, and while the spatial (Tse et al., 2007; Tse and To, 2011) and temporal (Zhu et al., 2003; Zhu and Wallman, 2009 ) interplay of myopic and hyperopic defocus has been demonstrated experimentally, how this might work in human indoor and outdoor environments is unclear, given that fixation distance varies considerably outdoors as humans interact with nearby people and objects, rather than gazing fixedly into the distance.
In relation to physical activity, the epidemiological evidence suggests that total time outdoors rather than time spent on physical activity is important, and this was confirmed in animal experiments in which there was no increase in measured activity associated with protection by high light levels (Ashby et al., 2009) . Similarly, the limited dynamic range of light-induced pupil constriction does not fit well with the epidemiological evidence, and animal studies using artificial pupils did not support this hypothesis (Ashby et al., 2009) .
Animal studies have also given no support to the UV hypothesis, since protection was obtained with UV-free lights (Ashby et al., 2009) , and bright UV lights do not provide protection (Hammond and Wildsoet, 2012) . In addition, Vitamin D supplementation did not prevent experimental myopia in tree shrews (Vitamin D3 supplement did not affect the development of myopia produced with form deprivation or a minus lens in tree shrews, Siegwart et al. ARVO E-Abstract # 6298, 2011) . Attempts to explore this hypothesis epidemiologically and experimentally have equally not given it strong support (Mutti and Marks, 2011) , although associations between Vitamin D receptor polymorphisms and myopia have been reported in humans . In relation to spectral composition, recent studies have suggested that rearing animals under red light enhances the development of myopia, while blue light retards it, due to differences in the focal point of these wavelengths within the eye (Long et al., 2009; Rucker and Wallman, 2009 ), but in general these effects are small relative to epidemiological shifts, and are generally only obtained in much more restricted light environments than are associated with the natural difference between indoors and outdoors.
Quantifying time outdoors
One of the major challenges in this area is accurately quantifying the amount of time that children spend outdoors. Initial studies have all been performed using questionnaires. These have ranged in complexity from simple questions on the amount of time spent on sports and outdoors, where the underlying logic seemed to be a possible link to physical activity, through to the multi-item questionnaire developed for the Sydney Myopia Study, which was designed to elucidate information on the role of time outdoors and indoors, sport outdoors and indoors, as well as to quantify aspects of near work. As noted above, use of this questionnaire showed that total time outdoors, rather than engagement in sport, was the important factor.
As a result, a new questionnaire was developed by a WHO working party to focus on quantification of time outdoors and aspects of near work. This questionnaire has undergone several minor revisions, and the final form is available at www.gzzoc.com. It has been complemented by a questionnaire on homework and engagement in coaching classes, which is also available online.
At present, none of the questionnaires have been well validated. However, their continuing use can be justified, because these instruments have provided consistent evidence for the importance of time outdoors in the aetiology of myopia, which indicates that the effects are quite robust. The original Sydney Myopia Study questionnaire has been administered to two 12e13 year-old cohorts five years apart, with similar results being obtained (French et al., 2013b) . The modified WHO questionnaire has also been administered at several sites internationally, giving very different results at sites where the prevalence of myopia is high as compared to those where the prevalence is low (unpublished results). This suggests that the results obtained with these questionnaires are reproducible and sufficiently robust to detect the effects of time outdoors on the development of myopia.
However, for more precise identification of such exposures, particularly in intervention trials, the questionnaires need to validated against more objective measures. This work is currently in progress, using comparison of questionnaire responses to results from a daily activity diary. Validation using experience sampling approaches is also in progress. However, validation against more objective measures such as measurements obtained using wearable detectors such as HOBO light meters or ACTI-watches would be desirable. The HOBO light meters can collect continuous data, and depending on the frequency of recording for many days, and the first steps in their validation have been published (Dharani et al., 2012) . Systems based on GPS or mobile phone reception also have potential (Tandon et al., 2013; Zhou et al., 2012 (www.ntu.edu . sg/home/limo/papers/SenSys12_IODetector.pdf).
Another form of objective measurement comes from the use of UV densitometers which have been extensively used in Vitamin D and sun protection research (Parisi and Kimlin, 2004; Parisi et al., 2012) , since, even though it appears that UV exposures are not important for the protective effects, UV exposures can give an objective measure of bright light (sun) exposures outdoors. Currently available UV detectors can collect cumulative exposures over several days.
An interesting variation on measuring time outdoors comes from the measurement of UV-induced skin damage, by measuring UV-autofluorescence (Sherwin et al., 2012a,b) . This technique has established that in adults, there is a strong correlation between increased UV-damage and lower myopia. However, the relationship between sun exposures and UV-autofluorescence is currently unclear, and the extent to which damage is cumulative or partially reversible is still to be established.
Clinical trials of prevention
To our knowledge, there are currently three trials on prevention of myopia with time outdoors. Results of a small school-based trial in Cheng-du, China have been published in Chinese (Yi and Li, 2011) . This trial reported significant reduction in the progression of myopia in a school-based intervention, from À0.52D/year in the control group to À0.38D/year in the intervention group. The intervention involved increasing time outdoors and restricting near work, but details of the intervention and the results are very limited.
Results have also been reported from a school-based pilot intervention in a suburban area of southern Taiwan (Wu et al., 2013) . The intervention involved turning off classroom lights and emptying classrooms. Children were then encouraged to go outdoors. The total time available for the intervention was 80 min per day. In non-myopic subjects, the myopic shift in refraction was reduced from À0.44D to À0.28D, but no significant difference was observed in the myopic group. Analysis of progression in those with myopia was complicated by significant use of atropine eye drops to control myopic progression. Importantly, the percentage of new cases of myopia was reduced from 17.65% in the control school to 8.41% in the intervention arm.
To our knowledge, the biggest trial is that set up in 2009 in Guangzhou, based at the Zhongshan Ophthalmic Center. The trial was carried out with the full support of the Guangzhou Ministry of Education and the Guangzhou Student Health Bureau, in 12 schools chosen to be representative of the Guangzhou system. Within this group, schools were randomised to the treatment or intervention arms, and all students in Grade 1 participated in the interventions as required by Ministry of Education policy, but optical measurements were gathered only on those who gave informed consent and were formally enrolled in the trial. In the treatment arm of this study, children were given an additional class at school at the end of the school day, during which they spent time outdoors, while in the control arm, the children went home at the normal time. At schools in the intervention arm, education programs for parents were carried out, encouraging them to ensure that their children spend more time outdoors after school, on weekends and during school holidays. Compliance is clearly an issue in trials of this kind, and random study visits from the study team and the Ministry of Education ensured that schools were implementing the program appropriately. In addition, standard questionnaires were administered to all children annually, and in the final data collection period (SeptembereNovember 2012) sub-samples were examined with HOBO light meters and UV densitometers. Final results from this trial are not yet available, but two annual reports (Xiang et al. IOVS 2011; 52: E-Abstract 3057; Morgan et al. IOVS 2012; 53: E-Abstract 2753) suggest that small, but statistically significant, reductions in the development of myopia as measured by a reduction in the decline of mean spherical equivalent refraction and the prevalence of myopia have been achieved. Corresponding reductions in axial elongation were also reported.
These initial results seem to give some proof of principle for the use of interventions based on increasing time outdoors to prevent myopia. One of the important advantages of the approach to prevention through increasing time outdoors is that the approach can be readily applied to all children, not just those with existing myopia, and thus provides an opportunity to prevent the onset of myopia, rather than just limit progression. Another important advantage is that because the interventions are natural and involve variations that are seen in human environments, even if they are not common in some locations, it should be possible to scale up the intervention if small positive changes are achieved initially. This is more difficult with interventions involving spectacles or drugs.
Conclusions
Research so far has established that children who spend more time outdoors are less likely to be, or become myopic. The effect of time outdoors is robust, and seems to reduce or even negate the influence of factors that may be associated with higher prevalence rates of myopia, such as large amounts of near work, or having myopic parents. The ability of time outdoors to prevent incident myopia suggests that it may be possible to reduce the number of children with school or acquired myopia.
At this stage, it is not clear whether time outdoors also regulates progression in those with established myopia. One major study has reported negative results, but may have statistical limitations associated with the lesser variation in time outdoors in children who have already become myopic. Other reports have shown that there are seasonal variations in progression which are explicable, at least in part, by time outdoors. Since prevalent and incident myopia, as well as myopic progression, depend on axial elongation, further work is needed on whether regulation of axial elongation is similar before and after the onset of clinical myopia.
Some progress has been made in defining the mechanism of the protective effects. From a range of possibilities, the hypothesis that protection is based on bright light-stimulated release of dopamine in the retina, has been given support from animal studies. However, the results of animal studies are not entirely consistent, and in particular, while bright light prevents the development of FDM in all species studied so far, results on prevention of LIM, which would seem to be a better model of human myopia, are more variable. Clearly more work in needed in this area as well.
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